The performances of different promoters (CeO 2 , ZrO 2 and Ce 0.5 Zr 0.5 O 2 solid solution) modified Pd/SiC catalysts for methane combustion are studied. XRD and XPS results showed that Zr 
Introduction
Supported palladium catalysts have been found to have excellent activity toward the catalytic combustion of methane, which has been found to be more environmentally friendly than traditional flame combustion due to lower emissions of NO x , CO, and unburned hydrocarbons [1, 2] . Usually, the supports of Pd-based catalysts are thermal insulators, such as SiO 2 and Al 2 O 3 . The methane combustion is a strongly exothermic reaction, therefore the reaction heat accumulated on isolated metal nanoparticles makes them easily sintered [3] [4] [5] . It has been established that SiC can be a potentially excellent catalyst support for various reactions since SiC has admirable chemical stability and high thermal conductivity and stability [6] [7] [8] . Our previous study showed that Pd/SiC catalyst using etched SiC nanowires as the support can completely convert CH 4 at about 390°C and run 10 reaction cycles without any decrease in the catalytic activity [9] .
It is well known that CeO 2 and ZrO 2 are effective promoters for noble-based combustion catalysts because they can enhance the dispersion and stability of metallic active phases. However CeO 2 is easily sintered at high reaction temperatures, and ZrO 2 has the drawbacks of high cost and relatively low surface area [10] [11] [12] [13] . Therefore, researchers have suggested that formation of a Ce 0.5 Zr 0.5 O 2 solid solution by adding ZrO 2 to CeO 2 can improve oxygen storage capacity, redox properties, thermal resistance and catalytic activity of catalysts at lower temperatures [14] [15] [16] [17] . In this work, we investigate Pd/SiC catalysts modified by CeO 2 、ZrO 2 and Zr 0.5 Ce 0.5 O 2 solid solution respectively, which show excellent activity and stability for methane combustion.
Experiments

Catalyst Preparation
The catalysts are 1wt.% Pd supported on either SiC (S BET =50.8m 2 /g) [18, 19] 
Catalytic test
The catalytic performance of the different catalysts for the methane combustion was carried out in a fixed-bed quartz reactor with an inner diameter of 8 mm at atmospheric pressure, and the mixture of O 2 (20 %)/CH 4 (1 %)/N 2 (79 %) was used as the feedstock. 300 mg of the catalyst was packed between two layers of quartz wool. The hourly space velocity was controlled to be 10000h -1 . Since the deactivation of the SiC-supported catalysts usually demands a long time, a repeated heating-then-cooling cycle method was employed to estimate the stabilities of the catalysts as previously reported [9] .
Catalyst characterization
The crystalline phases of different catalysts were characterized by a Rigaku D-Max/RB X-ray diffractometer (XRD) with Cu Kα radiation. The microstructures of the catalysts were analyzed by using a JEOL-2010 transmission electron microscope (TEM) and JEM-2010 high-resolution transmission electron microscope (HRTEM). X-ray photoelectron spectroscopy (XPS) were carried out on a Kratos XSAM800 spectrometer by using Al Ka (hk = 1486.6 eV) X-ray source.
Results and discussion
XRD and XPS characterization of fresh catalysts
From the XRD patterns of different fresh catalysts shown in Fig.1 [20, 21] . The peak at 337.6 -337.7 eV shown in Fig.2a [22] [23] [24] .
Therefore, the valence of Pd atoms in these three catalysts is +2. The peaks of Pd/ZrO 2 /SiC at about 181.4 and 183.7 eV shown in Fig.2b correspond to the Zr 3d 5/2 and Zr 3d 3/2 , respectively.
The difference in the binding energies between the Zr 3d 5/2 and Zr 3d 3/2 photoemission feature is 2.3 eV, which is in agreement with the reported value [25] . Nelson and Schulz reported that the band located at 900.2-900.6 eV was the Ce 3d 3/2 ionization and the band located at 881.7-882.0 eV was the Ce 3d 5/2 ionization [25] . Therefore, the peaks of Pd/CeO 2 /SiC at about 900.2 and 881.7eV shown in Fig. 2c [26] . In the case of our study, the peak of Pd/Zr 0.5 Ce 0.5 O 2 /SiC at about 181.7 eV (Fig.2b) corresponds to the Zr 3d 5/2 , while the peak of Pd/Zr 0.5 Ce 0.5 O 2 /SiC at about 882.1 eV (Fig.2c) and an average diameter of 2.6 nm according to our statistical analysis (Fig.3a) . From Fig.3b , the lattice spacing of nanoparticles is 0.263 nm, which corresponds to (101) planes of tetragonal PdO, claiming the active phase PdO has not been decomposed into metallic Pd during the cyclic reaction. The average size of PdO particles only has a slight increase from 2.6 to 2.8 nm after the cyclic reaction (Fig.3b) . The above results suggest that PdO nanoparticles are very stable on the surface of SiC because of the high thermal conductivity and chemical stability of the high surface area SiC, which can effectively hinder the sintering of active nanoparticles and thus stabilize them. PdO nanoparticles could not be found in Fig.4 possibly because they are too small to be found out. 6 The lattice spacing of nanoparticles is 0.205 nm, which is attributed to the interplanar spacing of (211) plane of monoclinic ZrO 2 (Fig.4a) . The lattice spacings of 0.311, 0.312, 0.315 and 0.276 nm are indexed as the (111) and (200) of cubic CeO 2 (Fig.4b) [21] . separately. CeO 2 could increase the oxidizability of crystal boundary and form a synergistic effect between the active phases and supports, therefore improve the catalytic activity and stability [12, 13] . could strongly improve oxygen storage capacity and thermal resistance [14] [15] [16] [17] .This also means that the combustion reaction could be finished in a narrow temperature range (around 100 o C). PdO nanoparticles [4, 5, 27] . However, the Pd/SiC (Fig.5c ) and Pd/Zr 0.5 Ce 0.5 O 2 /SiC (Fig.5d) catalysts can keep the methane conversion at almost 100 % after 10 reaction cycles, indicating that high surface area SiC supported catalysts have excellent stability in methane combustion. This further confirms the previous results from TEM images of catalysts that high surface area SiC can significantly hinder the migration and coalescence of active phase nanoparticles and thus stabilize them.
TEM and HRTEM characterization
Catalytic performances
Conclusion
Pd-based catalysts using high surface area SiC (50. 
